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OBJECTIVE
Provide a knowledge-based forecast of the future computationally assisted design 
and certification for advanced materials (metallic, polymer matrix composite, and 
ceramic) for use in emerging aeronautical vehicle applications and outline a 
roadmap for achieving this capability
APPROACH
• Solicit and Fund NRA contract:  Initiated Study 10/2015
• Conduct community survey, hold workshops in conjunction with professional 
societies [TMS (Feb 2016), AIAA SciTech (Jan 2017), NAFEMS Workshop (March 2017), 
TMS ICME World Congress (May 2017)]
• Establish expert panels, one per Key Element (KE), to review and oversee the 
content of each KE
• Ensure 2/3 consensus vote on Vision, Gaps, Actions, Recommendations, and 
Multidiscipline Engineering Challenge Problems
SIGNIFICANCE
Vision 2040 is a community consensus document on technologies required to perform integrated multiscale 
materials and structures modeling in year 2040.  This vision marries “the design of materials” (material 
scientist viewpoint)  with “the design with materials” (structural analyst viewpoint) approaches into one 
concurrent transformational digital paradigm.
POC: Steve Arnold (GRC)
“Vision 2040: A Roadmap for Integrated, Multiscale 
Modeling and Simulation of Materials and Systems”
More than 450 professionals participated in the 
development of the 2040 Vision 
Findings Identified:
117 Gaps  
180 Recommend Actions
9 MECs
11 Major 
Recommendations
NASA CR
2018-219771
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Part
Meso scale
Quantum
Handshake via
Constitutive Model
System Assembly
Micro scale
Atomistic
Properties
Performance
Internal 
Structure
Processing
Design “The” Material Design “With” Material
ICME is an approach to the design of 
products and the materials which 
comprise them by linking 
experimentally validated materials 
models at multiple length scales. 
Quantum Mechanics
Molecular Dynamics 
Micromechanics /
Statistical Mechanics
Continuum Mechanics
Design for Manufacturability, 
Certification and Lowest Cost, 
with Performance Constraints
Integrated Computational Materials 
Engineering (ICME) Is The Future 
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Numerical Simulation
Pyramid
“Virtual Testing” Can Enable Significant 
Cost Savings in Certification Testing
Experimental Test 
Pyramid
$$ Savings!
A robust validated computational 
platform is essential for sustainable, 
cost-effective technology 
development program 
Ø reduced  testing and time to 
certify!
Experimental 
Building Block 
Approach
Model
Building Block 
Approach
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Materials of Interest: 2040 Vision
• Vision covers a wide range of materials
– Functional materials
– Energy conversion materials
– Advanced metallic materials
– Ceramic Matrix Composites (CMCs)
– Polymer Matrix Composites (PMCs)
Determining the underlying 
requirements for a wide set 
of materials classes in order 
to identify and build 
common and standardized 
tools and methods
Source: 
https://upload.wikimedia.org/wikipedia/commons/e/e9/CVIpullout.jpg
Source: http://modernairliners.com/wp-content/uploads/2015/07/Boeing-787-Dreamliner-construction-materials.png
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Linkage with NASA Technology Roadmaps and 
Other Community-Wide Efforts
The primary difference between Vision 2040  and other prior efforts, e.g.:
• TMS, 2013, “Integrated Computational Materials Engineering (ICME): Implementing ICME in the 
Aerospace, Automotive, and Maritime Industries”
• NASA, March 2014,  “CFD Vision 2030 Study: A Path to Revolutionary Computational 
Aerosciences,” 
• TMS, 2015, “Modeling Across Scales: A Roadmapping Study for Connecting Materials Models 
and Simulations Across Length and Time Scales”
• TMS, 2017, “Building a Materials Data Infrastructure: Opening New Pathways to Discovery and 
Innovation in Science and Engineering” 
• “SimBest: An Innovate UK funded Project,” https://www.simbest.org/.
is that 2040 calls for a holistic integration of materials, structural, and 
systems design and simulation needs within individual companies and, 
eventually, throughout the entire supply chain 
The Vision 2040 Roadmap is consistent with: 
• NASA’s ARMD objectives, which recognizes six Strategic Thrusts that affect the 
aviation industry, the nation, and the world 
• NASA’s 15 Technology Roadmaps - in particular:
⎼ TA 11: Modeling, Simulation, Information Technology and Processing 
⎼ TA 12: Materials, Structures, Mechanical Systems and Manufacturing 
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The Vision 2040 Roadmap is consistent with
1. Safe, efficient growth in 
global operations 
2. Innovation in commercial 
supersonic aircraft 
3. Ultra-efficient commercial 
vehicles
4. Transition to alternative 
propulsion and energy 
5. Real-time, system-wide 
safety assurance
6. Assured autonomy for 
aviation transformation 
11.1.2
11.1.2
GROUND COMPUTING
11.3.5 EXASCALE SIMULATION
11.3.6 UNCERTAINITY QUANTIFICATION AND NONDETERMINISTIC 
SIMULATION METHODS
11.3.7 MULTI- SCALE, PHYSICS, 
AND FIDELITY SIMULATION
11.3.8 VERIFICATION AND 
VALIDATION
11.4.12 INTELLIGENT DATA 
UNDERSTANDING
12.1.2 COMPUTATIONALLY DESIGNED 
12.1.2 DESIGN AND CERTIFICATION
ARMD THRUSTS KEY NASA TECHNOLOGY ROADMAPS
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Vision 2040: A Roadmap for Integrated, Multiscale 
Modeling and Simulation of Materials and Systems
Nine Identified Key Element Discipline Areas 
2040 Vision State:
A cyber-physical-social ecosystem that impacts the supply chain to accelerate model-based 
concurrent design, development, and deployment of materials and systems throughout the 
product lifecycle for affordable, producible aerospace applications
cyber-physical-social ecosystem 
NASA CR 2018-219771
https://ntrs.nasa.gov
Provides a public/private investment strategy for the design of fit-for-purpose materials and structures
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…A cyber-physical-social ecosystem 
• Interdisciplinary frameworks that demonstrate and incentivize collaborative research endeavors and support 
new and existing engineering disciplines.
• Modular (interoperable) framework designed with open interface standards for variable-fidelity models at 
various length scales ..
• Seamless digital capture, analysis, dissemination, and maintenance of all tacit and explicit (experimental and 
virtual) data and metadata corresponding to all levels of scales considered throughout lifecycle.
• Agile flexible computational tool that enables supply-chains to rapidly adjust to focused project support 
needs or new computational software and hardware development
• High-bandwidth networks, software platforms, and commodity computing for widespread, simultaneous 
access to computational resources and architectures 
• Educational programs and tracks that develop next-generation engineers and material scientists with 
multidisciplinary capabilities.
…that impacts the supply chain to accelerate model-based concurrent design, 
development, and deployment of materials and systems throughout the product 
lifecycle for affordable, producible aerospace applications
• Seamless application of materials, process, design, chemistry, structural analysis, physics-based 
performance, and manufacturing modeling and simulation tools throughout the entire “supply-chain” from 
individual component/part to system level.
• Concurrent optimization of multidisciplinary and ICME workflows from materials design to real world 
application.
• Capture, analysis, dissemination, feedback, and maintenance of all necessary or relevant experimental and 
virtual data corresponding to all spatial and temporal scales will happen seamlessly throughout the complete 
lifecycle
• Interactive digital information/knowledge management solutions and integrated security access controls for 
protecting proprietary information will be readily available to engineers with the appropriate skills to manage 
and exploit the infrastructure for advanced aerospace systems from cradle to cradle.
What Is the Vision 2040 End State
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Ecosystem Will Strengthen Capabilities And Competitiveness 
Of U.S. Aerospace & Manufacturing Sectors In Several Ways:
• Increased reusability of materials data and computational design work
• Federated information management architectures and schema 
• Improved return on investment on engineering tools and efforts that 
connect disparate and geographically decentralized repositories 
• Integrated “smart” testing that leverage models and simulations, and 
multi-objective optimization 
• Collaborative, multidisciplinary environments that bridge conventionally 
siloed experts and design stages throughout the product lifecycle 
• Substantially expanded design space and manufacturability using 
novel multiscale optimization approaches 
• Faster time to market by enabling new designs 
• A highly skilled U.S. workforce equipped with the skills necessary to 
capture the full value of integrated, multiscale materials and structures 
modeling 
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2040 Vision’s Impact On Design Paradigm
Today’ s Design Paradigm 2040 Design Paradigm
Design Of Materials And Systems Is 
Disconnected
Design Of Materials And Systems Is 
Integrated
Stages Of The Product Development 
Lifecycle Are Segmented
Stages Of The Product Development 
Lifecycle Are Seamlessly Joined
Tools, Ontologies, And Methodologies 
Are Domain-specific
Tools, Ontologies, And Methodologies 
Are Usable Across The Community
Materials Properties Are Based On 
Empiricism
Materials Properties Are Virtually 
Determined
Product Certification Relies Heavily On 
Physical Testing.
Product Certification Relies Heavily On 
Simulation
The cyber-physical-social ecosystem marries “the design of materials” (material 
scientist viewpoint)  with “the design with materials” (structural analyst 
viewpoint) approaches into one concurrent transformational digital paradigm.
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END STATE CHARACTERISTIC DEFINITION
Accessible (AC)
Models, methods, best practices, tools, workflows, and information will be widely 
accessible and available to both engineers and non-engineers at all skill levels 
Adaptive (AD)
Models will incorporate physics, chemistry, and microstructural information at appropriate 
scales; adapt to varying fidelity levels; and support nimble zooming-in and zooming-out of 
scales.  Balances speed and accuracy trade-offs.
Interoperable (IN)
Platforms will be interoperable and rely on standards, best practices, common formats and 
“plug & play” functionalities.
Robust (RB)
Models will be more physically, mechanistically, and phenomenologically based and will 
rely on robust toolsets, instruments, data infrastructures, and network architectures that 
provide accurate behavior predictions
Traceable (TR)
Knowledge management systems will enable consistency and traceability of nomenclature, 
data and information throughout the lifecycle (inception through disposal).
User Friendly (UF)
Advance user interfaces will provide intuitive direction and assistance to guide practitioner 
through the selection of models, length scales, and time scales for location-specific 
materials; visualize outputs, in multiple formats; facilitate the integration of new models’ 
and ensure compliance throughout the product lifecycle.
2040 Vision End State Characteristics
These characteristics describe the goals/features/impacts of the envisioned end state; act as a guide
13
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Study Identified 9 Key Element Domains
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Identified Critical Gaps & Possible Subset of 
Actions Required To Close Each
Critical Gap Priority Action
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Detailed Findings Section: Researchers & Educators
For each Key Element 
– Definition
– Current State of Art
– 2040 End State
– Gaps
– Recommended Actions
– Relationships with Other Key 
Elements
– References
Will not get into the details
16
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KE 1 [Models and Methodologies] Identified Gaps
**Example of what you will find in Detailed Findings Section
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KE 1 [Models and Methodologies] Identified Actions
**Example of what you will find in Detailed Findings Section
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Ten Crosscutting Streams Identified To Help Organize 
Gaps And Recommended Actions Across Key Elements
1. Data Management
2. Data Analytics and Visualization
3. Information Sharing and Reusability
4. Multidisciplinary Collaboration
5. Institutional Paradigms
6. Benchmarking and Business Case
7. Scalability and Computational Efficiency
8. Linkage and Integration
9. Input / Output Confidence and Reliability
10. Behavior of Materials and Structures
These streams aim to show similarities among the challenges facing the various 
disciplines within the multiscale modeling and simulation community and the actions 
needed to overcome them:
19
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Major Recommendations: Vision 2040
RECOMMENDATION #2:
NASA and other relevant federal agencies should form an interagency 
coordinating body to not only affect alignment of federal investments but 
also coordinate those federal investments with industry investments to 
ensure government, industry, and academia work in concert to achieve the 
2040 vision.
RECOMMENDATION #1
Federal agencies and industry both should fund sustained R&D programs to 
address the critical gaps and actions identified in this report.
RECOMMENDATION #3: NASA should engage with government, industry, 
and academic stakeholders to develop an agreed-upon interoperability 
framework for the envisioned ecosystem, with emphasis on data-exchange 
mechanisms
Software Forum/Panel Session @ SciTech 19; San Diego, CA , Jan 2019
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RECOMMENDATION #6:
NASA should lead demonstration projects that document and publicize the 
broad benefits (e.g., cost savings) of model-based concurrent design, 
development, and deployment of materials and systems
RECOMMENDATION #5: NASA and other government agencies (e.g., NIST) 
should lead a coordinated effort to produce, maintain, and disseminate 
“gold-standard” datasets with which the community can develop, 
characterize, verify, validate, and certify datasets, models, tools, and other 
aspects of the 2040 ecosystem.
RECOMMENDATION #7: NASA and other relevant federal agencies (i.e., 
NSF, DOE, DoD, and others) should increase fundamental research efforts to 
develop, characterize, and validate improved physics-based and data-
driven materials models.
Major Recommendations: Vision 2040
RECOMMENDATION #4: NASA should partner with other government 
agencies and professional societies to identify and pursue benchmark 
materials, systems, and applications to focus early efforts on addressing 
critical gaps and actions identified in this report.
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*Collaboration Institutes of Education and Training (CIETs)
RECOMMENDATION #8 NASA should work with industry, academia, and 
professional societies to update education and training programs* to reflect 
the skills needed to achieve the 2040 vision and develop a highly skilled 
future materials science and system engineering workforce
RECOMMENDATION #9 NASA, with support from academia and 
professional societies, should stimulate widespread cultural change by 
encouraging researchers to meaningfully share and work collaboratively on 
the data and models needed to increase progress toward the 2040 vision.
RECOMMENDATION #10 NASA and other federal agencies should support 
the growth of small businesses working in ICME to strengthen U.S. 
manufacturing competitiveness and establish U.S. leadership in this 
emerging field.
RECOMMENDATION #11 NASA should engage with academia and industry 
stakeholders to regularly update this study and/or conduct follow-up studies 
to ensure the full realization of a cyber-physical-social ecosystem with a 
knowledge-based platform that is usable by human designers.
Major Recommendations: Vision 2040
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Multidisciplinary Engineering Challenges (MECs)
1. Mitigation of high-temperature environmental damage, oxidation, and hot 
corrosion of high-temperature turbine engine components
2. Development and optimization of polymeric matrix composites for aerospace 
applications
3. Design and lifing of aerospace components with 20 percent weight reduction 
using location-specific design methodologies, including tailoring of component 
properties using chemistry or microstructural modifications
4. Optimization of structures and materials for mitigation of thermomechanical 
fatigue
5. Design and development of unique materials such as shape memory 
alloys and high-entropy alloys in aero structures and components
6. Automated re-adaptation and updating of computer software suites to 
infrastructure changes (moving away from manual recoding of software to take 
advantage of new computer architectures such as GPUs or CPU+GPU)
7. Development and optimization of ceramic matrix composites for aeronautic 
applications
8. Application of microstructure definition tools and methods to enable model-
based material and probabilistic component definitions
9. Electrification of aircraft propulsion
23
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FUTURE 2040 FUNDING OPPORTUNITIES 
• NASA Research Announcement (NRA) due to be released Sept 
2018 – see 
https://nspires.nasaprs.com/external/solicitations/solicitations.do
• SBIR/STTR  - see  https://sbir.nasa.gov/prg_sched_anncmnte
• Anticipating a new $10Mil funding wedge to begin in FY21 (Oct 
2020) targeted toward revolutionary materials development
NASA CR 2018-219771
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20180002010.pdf
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Questions
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Contact: Steven.M.Arnold@nasa.gov
Thanks for Your Attention
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Case Study 1 - Multiscale Modeling of TPS: 
Atomistic to Effective Properties
Significance for Vision 2040
MODELS & METHODOLOGIES
Methodologies based on Multiscale Generalized Method of Cells 
(MSGMC) will enable linkages with lower length-scale models.
CHARACTERIZATION
Quantitative structure definitions tied to models and test protocols 
will enable hierarchical characterization of complex
failure mechanisms.
OPTIMIZATION
Improved predictive capabilities and analytical tools will help 
determine strength margins and optimum layup strategies
for complex material architectures, such as composites.
DATA, INFORMATICS, VISUALIZATION
Statistical descriptors and data structures will improve 
data quality and help automate the extraction of data from 
processing, characterization, and testing equipment.
S.M. Arnold, et al., Multiscale Modeling of Carbon/Phenolic Composite Thermal Protection Materials: Atomistic to Effective Properties, NASA (Ohio: NASA, 2016).
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Case Study 4 – Information Management Enabling 
Multiscale Modeling Within ICME Paradigm
Significance for Vision 2040
DATA, INFORMATICS, & VISUALIZATION
Coupling data management libraries and visualization software suites will drive the ecosystem for generating 
fundamental 3D/4D datasets, thereby enabling the validation of crucial physics-based models .
CHARACTERIZATION
Robust model-structure-response definitions will provide the foundation for reliable methods of managing error and 
uncertainty 
WORKFLOW & COLLABORATION FRAMEWORKS
Database and optimization software suites will enhance workflow functionalities and facilitate cross-organizational 
sharing of data, tools, and models.
COMPUTATIONAL INFRASTRUCTURE
Machine learning and analytical tools will help design software suites take advantage of novel HPC paradigm and 
various hardware configurations.
ICME infrastructure 
for housing both 
modeling and 
testing information
Arnold, et al.; “Combining Material and Model Pedigree is 
Foundational to Making ICME a Reality”, IMMI, 4:4, 2015.
